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論 文 内 容 要 旨          
The traditional fossil fuels will be used out in the near future. Conversion of solar light into clean 
hydrogen through a photocatalytic process is an attractive solution to the problems associated with fossil 
fuels. Directly splitting water via a single photocatalyst is difficult because the photocatalytic hydrogen 
generation requires proper bandgap structure and efficient charge transfer. A multiple component system that 
has attracted much attention since being discovered in 2006 is the solid Z-scheme system (SZSS) [1].  
Some important factors determine the efficiency of SZSS: (1) the energy band alignment of Psi and PSII; 
(2) charge recombination of Psi and PSII; (3) interface between Psi and PSII and (4) the co-catalyst for
oxygen/hydrogen generation. During the last few years, many studies have investigated the interface 
properties such as the exploration of different materials like metals [2, 3], carbon dots [4], and oxygen-defect 
[5] as electron mediators to facilitate the charge transfer between Psi and PSII. However, a control of the
band alignment and the charge recombination of PSII and Psi have yet to be discovered. Considering the 
conflict between the large energy demand for water splitting and the requirement for visible light utilization, 
controlling the energy bandgap in SZSS is essential. Furthermore, charge recombination reducing of SZSS is 
an important way to increase the performance of SZSS.  
Adjust the bandgap and reduce the recombination of SZSS are two important ways to improve the 
performance of SZSS. These improvements demand the element modulation, which are adjusting the 
properties of SZSS to a proper structure. The element modulation may induce some doping energy levels in 
the bandgaps of SZSS, leading to the change of the bandgaps. Furthermore, the element modulation may also 
change the ratio of Psi to PSII, which is essential for the charge transfer balance. However, element 
modulation of the SZSS constructed by traditional materials are difficult.  
Recently, metal tungstates such as NiWO4, CoWO4, CuWO4, and ZnWO4 have been developed as 
promising photocatalysts for the decomposition of contaminants [6, 7], or for efficient photocatalytic 
hydrogen generation [5, 8]. However, element modulation of metal tungstates/metal sulfide have yet to be 
achieved. In this research, NiWO4/CdS SZSS was fabricated under mild reaction conditions using the 
ion-exchange between NiWO4 precursor and Cd2+, S2– ions. This novel method easily realized element 
modulation by changing the stoichiometry of the reactants in a synthetic solution. The element modulation 
provides an important way for the adjustment of bandgap and charge recombination of the SZSS. The effect 
of the element composition on the energy band, charge recombination, and photocatalytic activity (PCA) in 
hydrogen generation were reported. These results should provide interesting information for the rational 
design and fabrication of SZSS in the future. 
In the chapter 2, the bandgap engineering of NiWO4/CdS SZSS via an ion-exchange reaction was 
discussed. The results were published in "Bandgap engineering of NiWO4/CdS solid Z-scheme system 
via an ion-exchange reaction. Applied Catalysis B: Environmental 241 (2019) 284–291”. 
NiWO4/CdS SZSS was prepared as follow: NiWO4 was synthesized by the reaction between Ni2+ and 
WO42–, and was deposited with Pt. Then the NiWO4 reacted with Cd2+ and S2– at 80 ℃. The amounts of S2– 
were adjusted. Cd content was almost the same while the S content was 0, 15, 30 and 45 at%, and the 
corresponding samples were labelled as NWCS0, NWCS15, NWCS30 and NWCS45 respectively. The 
samples were characterized by SEM, EDS, XRD, UV-vis DRS and photoluminescence (PL). 
Morphology of NWCS0~NWCS45 was aggregates. The samples were in low crystallized state. The 
basic reaction between NiWO4 and Cd2+, S2– ions was that CdS produced on NiWO4 and the NiWO4/CdS 
SZSS was fabricated. Besides, we also found the ion-exchange reactions. Illustration of the ion-exchange 
reaction was shown in Scheme 1. Cd2+ can replace Ni while S2– can replace WO42– in NiWO4. This 
ion-exchange reaction indicates that the structure of NiWO4/CdS can be modulated by changing the Cd and 
S precursors. Therefore, the ion-exchange reaction is essential for the element modulation. 
The bandgap alignments of NWCS0~NWCS45 are shown in Scheme 1. The bandgap of pure NiWO4 
was too large for visible light absorption. Although the cation-exchange reaction with Cd2+ produced CdWO4 
as Psi with a narrow bandgap, ECB is not favorable for hydrogen generation. The introduction of S with a low 
electronegativity via an anion-exchange reaction produced CdS with higher ECB for the hydrogen generation 
reaction. Further increasing the S content decreased CdS bandgap. This decreased bandgap enabled the 
utilization of a light source with a longer wavelength for Psi, which is essential for the PCA of SZSS.  
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Fig. 2. PL intensity and PCA of samples as a function of S-Cd content. 
Fig. 2 shows the PL intensity at 
approximately 380 nm and the PCA in 
hydrogen generation as a function of S-Cd 
content. The PL intensity decreased 
dramatically as the S-Cd content increased 
from approximately -20 to 10 at%, but then 
slightly increased at 30 at%. On the other 
hand, PCA increased sharply as the S content 
increased from approximately -20 to 10 at%, 
but then slightly decreased at 30 at%. The PL 
intensity at approximately 380 nm provided 
an index of the charge recombination rate in 
Eg1. The increased charge separation rate and PCA should be related to the change in the band structure 
induced by the S content in the multicomponent system.  
In the traditional method, SZSS were usually fabricated via the synthesis of Psi (or PSII) on PSII (or Psi) 
as a supporter. However, the band alignment cannot be adjusted. Using the NiWO4/CdS composition as a 
representative, we developed a simple fabrication method that takes advantage of bandgap engineering 
through an ion-exchange reaction between the NiWO4 precursor and Cd2+, S2–. The bandgaps of Psi 
decreased from 2.62 to 1.86 eV. The PCA reached 7.6 mmol/h/g.  
In chapter 3, the charge recombination reducing of NiWO4/CdS SZSS via an ion-exchange reaction 
was demonstrated. The results was submitted to “Applied Catalysis B: Environmental”. 
NiWO4/CdS SZSS was synthesized by NiWO4 and Cd2+, S2– ions, which was similar with that of chapter 
2. The samples were synthesized by hydrothermal method at 180 ℃. Two series of samples were prepared: 
(1) CdSx: Cd content was almost the same while S content was increased; (2) CdxSy: Cd and S contents 
were increased at a proper ratio. The samples were characterized by SEM, EDS, XRD, UV-vis DRS and PL.  
Morphologies of all the samples were aggregates. The samples were in crystal state. The samples were 
constructed by NiWO4 and CdS, while some NiS existed when the S content was higher than Cd. Similar 
with chapter 2, element composition of NiWO4/CdS can be also modulated through the ion-exchange 
reaction. The bandgaps of CdSx dramatically decreased with the increase of S content; while those of CdxSy 
slightly decreased with the increase of Cd and S contents. This result demonstrates that Cd and S contents 
influenced the CdS bandgap. 
The ratio of CdS to NiWO4 can be modulated by adjusting Cd and S contents. For CdSx, the ratios of 
CdS to NiWO4 were low because the Cd contents were low. This resulted in the low charge transfer rate of 
CdS, which may limit the charge transfer of the whole SZSS. Therefore, the charge recombination of CdSx 
was high, because the charge transfer rates of NiWO4 and CdS were unbalance. This unbalanced charge 
transfer rates induced the energy loss in the form of charge recombination. While for CdxSy, the ratio of CdS 
to NiWO4 was increased with the increase of Cd content, which lead to the increase of charge transfer rate of 
CdS. Therefore, the charge recombination was decreased by the charge transfer balance. Recombination 
reducing of NiWO4/CdS was achieved by the element modulation. 
Through element modulation, the SZSS was optimized to a proper composition. Bandgap of CdS was 
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tuned continuously, and the charge recombination was reduced through 
adjusting Cd and S contents. As a consequence, the PCA was largely 
increased. 
In chapter 4, morphology control of NiWO4/CdS and the extending of 
this method to MWO4/CdS (M=Ni, Co, Zn) were explored. Some results 
were submitted to “Applied Catalysis B: Environmental”. 
NiWO4 was prepared by hydrothermal method, and CdS was synthesized 
on NiWO4, the sample was labelled as NW(H)CS. As shown in Fig. 3, 
morphology of NW(H)CS was separated nano-particles with approximately 
5~10-nm diameters. Compared with NWCS30 in chapter 2, although 
NWHCS has a better morphology, its PCA was low. The reason may be the 
amount of CdS in NWHCS was lower than that in NWCS30. 
MWO4/CdS (M=Ni, Co, Zn) were fabricated. PCA of CoWO4/CdS was 
similar with that of NiWO4/CdS. This result indicates that the method could 
be used for other MWO4/MS.  
In summary, we proposed a NiWO4/CdS SZSS with additional features 
of a tunable bandgap and low charge recombination. By suing the ion-exchange reaction between NiWO4 
and Cd2+, S2–, the element modulation of NiWO4/CdS SZSS can be achieved. As a consequence, both 
bandgaps and charge recombination properties of the SZSS can be controlled. 
The contributions of this research are: (1) SZSS synthesized by NiWO4 and CdS was developed and 
applied in photocatalytic hydrogen generation. The highest PCA in this work reached 8.44 mmol/h/g. (2) 
Both the bandgap and charge recombination of the SZSS has been adjusted, via a simple ion-exchange 
reaction, which provides interesting information for the fabrication of efficient SZSS. (3) The element 
modulation method described here brings a reference for tuning the properties of multicomponent system. 
This bandgap engineering method may be also extended to other special application, such as the 
optoelectronic devices design.  
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